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EXTREMELY ENTFORM ELECTRODEPOSITION OF SUBMICRON SCHOTTKY CONTRACTS

An electroplating technique, high-field pulse-plating (HFPP), has been
developed tor obtaining unitorm coverage of metals deposited on semiconductor
surtaces. The technique solves a problem which has plagued the fabrication of
millimeter- and sundillimeter-wavelength Schottky barrier diodes as the diame-
ters of these devices base been reduced to micron and submicron dimensions.l-3
Ideal pertormance ot Schottky bharrier diodes is only achievable if the depos-
ited metal electrode is unitormly in intimate contact to the semiconductor
surface on a scale which {s small compared to the dimensions of the device.

we report near ideal deposition of plated contacts to n-type GaAs for diame-

ters as small as 1200 A.

The implications of this achievement are considerable. The performane of
high-frequency low-noise receivers depends critically on Schottky barrier type
devices. The electrical behavior of the Schottky diodes fabricated by this
technique implies important improvements in receiver performance at mm and far
infrared wavelengths, a region of interest for applications in communications,

radio astronomy, and precision frequency metrology experiments. This develop-

ment is also necessary for the successtul tabrication of more complex struc-

!
tures <ach an the cantact arrav oo, 4 structure applicable to both conven-
tional Schottky bariier tope decives as well as the super-Schottky diode.‘"5

The all-important parasitic power losses of a Schottky barrier mixer or
varactor diode are consumed in the series resistance of the device, and as
such, a reduction in this resistance results in a direct improvement in device
performance. In a well designed Schottky diode where surface and back contact
impedances are minimized, the series resistance is dominated by the spreading
resistance R, of the device, the resistance due to the constriction of the
current flow in the semiconductor at the contact. The theoretical value of
the spreading resistance R, for a contact to a uniformly (nonepitaxial) doped

semiconductor is given by6

R, = o/2d n
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where p is the resistivity of the semiconductor and d is the diameter of the
contact. Values of R, are typically larger than indicted by Eq. (1) because
of poor coverage of the deposited metal. For 0.5-uym diameters, a discrepancy
factor of the order of 3 is observed,z’3 and this factor increases as the

diameter is reduced.

The HFPP technique represents a very different approach to the electro-
deposition of metals. Presently used plating methods rely on relatively low
rates of deposition which are controlled by metal ion diffusion mechanisms
within the bath. HFPP utilizes an extremely fast deposition rate which is
controlled by the electric field in the bath very close to the deposition
surface. Deposition rates are 104—105 times faster than with conventional
electroplating (or vapor deposition) methods. The technique requires pulses
of current and voltage which are fast rising, large, and nearly constant in
magnitude, and very short (a few hundred nsec for Pt solutions). The pulses
must also have a low duty cycle to allow time (=~ 1 msec) for the solution to
relax to a uniform concentration of metal ions near the plated area. The
technique closest experimentally to HFPP iz a pulse-plating technique
described by Burrus.7 His technique 1is based on relatiwely long pulses of
current and voltage (e.g., RC discharges), and as such, the plating is a

hybrid combination of pulse and dc plating.

The success of HFPP depends critically upon this high rate of deposition.
Uniform coverage is achieved when the condensed metal crystals on the semi-
conductor are densely packed, a situation that results if the condensed metal
crystals can be forced to nucleate on the semiconductor in a random nonpre-
ferential manner, rather than on fvored sites such as on existing plated
crystallites. Such a nonpreferential process is spontaneous nucleation and
has as a key requirement for its occurrence that the number of atoms at a
potential condensation site exceed a certain critical number. 8 Condensed
crystals with less than this number are not stable. Consequently, with ex-
tremely high deposition rates spontaneous nucleation can dominate the conden-
sation, and uniform coverage is the end result. This type of plating is to be
contrasted with dc plating where initial condensation occurs preferentially on

sites more favorable to nucleation, and these sites serve to getter subsequent




metal atoms and grow at the expense of new nucleation centers being created.
Fewer nucleation centers (fewer crystals) result in less overall intimate con-

tact between the deposited metal and the semiconductor surface.

This spontaneous nucleation requirement and the kinetics within the
plating bath establish constraints on the width of an applied pulse. Condi-
tions within the solution during an applied pulse are sketched in Fig. 1. A
high electric field E is impressed across a region of depleted metal ions of
width g. This depletion width increases with time and, as a result, the field
E and, hence, the rate of deposition, decrease with time. Since the process
requires a high rate of deposition throughout the entire pulse, the pulse must
be terminated at the subcritical deposition point. This subcritical point
establishes a maximum pulse width for a given pulse voltage. A minimum width
also exists for the pulse, since spontaneous nucleation requires enough metal

be delivered per pulse.

Successful Pt depositions have been obtained using rectangular pulses 25-
35 V in height, 200-nsec long, and a repetition rate of 1000 pulses/sec. De-
position rates of lOSA/sec (J ~ 2 x 10°A/cm? with % nax the order of 1000 A& are
commonly experienced. The use of longer pulses or higher duty rates yields
coverage with noticeably larger grain size. At the other extreme, plating
appears not to proceed at all for pulses less than 50 nsec in width. The Pt
plating solution is a commercially produced chloride-based acid solution.9
Care must be taken during the preplate HCl (concentrated) etch (5 min) and
during the plating operation that the surface is constantly being flushed with
fresh solution. This procedure avoids the formation of Hy gas bubbles; bubble
formation markedly reduces the uniformity of the plated diodes. The l0-A cap-
ability of the pulse generator was sufficient to Pt plate areas as large as
4 x 10’4 cm? with extremely uniform coverage. The HFPP process is independent
of the size and shape of the anode electrode, because the effective counter
electrode for the process is the depletion edge of the solution shown in
Fig. 1. A systematic study of the voltage requirements has not been made.
However, as a general rule, large areas require larger applied voltages due to

the area dependency of the resistive potential drop in the "spreading
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resistance” region of the solution. All depositions have been done at room

temperature without special controls on the temperature of the bath.

A comparison of the coverage with dc plating and HFPP is shown in Fig., 2
for similar total amounts of deposited Pt metal. Examination of the HFPP
sample indicates crystalline structure of less than 200 A, the resolution ca
pablity of the scanning electron microscope (SEM)., Figure 3 illustrates the
improvement in uniformity of Schottky diodes using this technique. The

results shown are typical for d = 0.5 m.

The measured series resistances obtained from Pt/n-GaAs Schottky barrier
diodes fabricated using this technique are shown in Fig. 4. A moderately low

O17 cm_3 was chosen for the n-GaAs to ensure that the series

doping of 4 x 1
resistances would be sufficiently large and, hence, easily measured. The
spread in the R, values shown represents the range of values obtained from the
measurement of approximately 10 different diodes in an array of identically
produced contracts. After the electrical measurements were taken, the insula-
ting layer was stripped away allowing the base diameters to be measured di-
rectly using an SEM. The uncertainty in the diameter measurements is approxi-
mately * 5%, as shown. No adjustable parameters are involved in establishing
the theoretical line shown in Fig. 4; it has been drawn using Eq. (1) and an
independently measured value of p obtained from a four-point probe measure-
ment. As shown, both the agreement between theory and experiment and the
small deviations from diode to diode are quite exceptional., The contact array
diode requires diameters as small as 1200 A for efficient high-frequency
detection. These data ensure its success.

Results similar to Fig. 4 have been obtained using plated contacts of Pb,
a desirable metal for super—-Schottky diodes.["5 With this metal, longer
pulses (= 1 psec) are acceptable, because the density of the plating solution
is greater. Denser plating solutions result in smaller metal ion depletion
regions and, hence, larger electric fields at the deposition face for any
instant of time. As a result pulse widths can be longer. Deposition rates of

108 A/sec for Pb are commonly obtained.




Fig.

(a)

A comparison of the coverapes obtained with high-field pulse-
plating and dc plating methods. The light areas are plated Pt;
the dark areas are the hase CaAs surface. (a) High-field pulse-
plating of Pt. (b) DC plating of Pt.
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Fig.

3.

DC PLATED

A comparison in the uniformity of the plated diodes.

in the

insulator and consist of

HIGH FIELD
PULSE PLATED

The
diodes are plated through electrolithographicallv produced
windows

a thin Pt plate

followed bv a heavily plated mushroom—shaped Au overplate.
The

base diameters ot the diodes
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Fig. 4. Measured series resistance of pulse~plated Au/Pt/n-GaAs diodes
as a function of contact diameter. The theoretical line is
obtained using a value of the bulk resistivity 5 = 4.8 x 1073
ohm c¢m obtained from an independent set of four-point probe
measurements; it is not a fitted curve,




Figure 5 shows the I-V characteristic of a HFPP 0.25- ym Pt contact on
4 x 1017 cm’3 n—-GaAs, The exponential region of this characteristic yields a
barrier height of 0.90 eV and an ideality factor n of 1.24. Barrier heights
are typically within + 0.02 eV over a 128 x 128 array of contacts. The linear
high-current region of the I-V characteristic shown in the inset of Fig. 5
yields a value for RS of 90 ohms. With respect to leakage currents, this
characteristic is typical of the diodes measured; leakage currents are negli-

gible down to 10710 A, the limit of our instrumentation.

These submicron Schottky diodes have yielded excellent performance as
mixers and detectors at submillimeter wavelengths, primarily because of their
small junction capacitance.lo Tested in an open mount, HFPP 0.25-1m diodes
have demonstrated a heterodyne minimum detectable power of 5 x 10-17 W/Hz and
a video noise-equivalent power (NEP) of 2 x 1079 W/Hzl/2 at a wavelength of
119 ym. Noise measurements on these diodes yield a 1/f noise corner frequency

of 50 MHz.

The properties of these deposited films may be useful for other types of
electronic devices. Specifically, these films should be denser and, hence,

more conductive.ll

The conductivity of metal films is a critical parameter in
a variety of high—-frequency devices. For instance, with GaAsFET devices, the
resistance of the gate electrode is an important limiting resistive parameter

at high frequencies.
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The I-V charac{7ristic of a high-field pulse-plated 0.25-im Pt con-
tact on 4 x 10 n—-type GaAs at room temperature. The origin of the
linear display of the characteristic shown in the inset has been
displaced to the left to allow a direct measurement of the series
resistance R_.
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LABORATORY OPERATIONS

The Laboratory Nperations of The Aerospace Corporstion is conducting
experimental and thearetical investigatioas neceasary for the evaluation and
application of scientific advances to nev military concepts and systems. Ver-
satility and flexibility have been developed to & high degree by the laborato-
ry personnel in dealing with the msay problems encountered {n the Wation's
rapidly developing space systems. Expertise in the latest scteatific develop-
sants is vital to the accomplishment of tasks related to these prodblems. The
laboratories that concribute to this reseacrch are:

Asrophysice Laboratory: Aerodynamics; fluid dynamics; plasmsdynamics;
chamical kinetics; engineering mechamics; flight dynamicse; heat transfer;

high-power gas lasers, continuous and pulsed, IR, visfble, UV; laser physics;
laser resomator optics; laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric reactions and optical back-
grounds; radiative transfer and heric tr tesion; thermal and etate-
specific reaction rates in rockat plumes; chemical therwmodynamics snd propul-
aion chemietry; laser isotope separation; chemistry and physics of particles;
space envivonmental and contamination effects on spacecraft watertisls; ludbrica-
tion; surface chemistry of insulators amd conductors; cathode materials; sen-
sor materisls and sensor optics; spplied laser spectroscopy; stomic frequency
standards; pollution and toxic msterials monitoring.

Blectrnnics Research Laborstory: Electromagnetic theory and propagstion
phenomena; sicrowave and semiconductor devices and integrated circuits; quar-
tum electronics, lesers, and electro-optics; communication sclences, applied
electronice, superconducting and slactronic device physics; millimster-wave
and far-infrared technology.

Materiale Sciences Laboratory: Develop t of new msterials; composite
materials; graphite and ceramics; polymeric materials; weapons effects and
hardened materials; msterials for electromic devices; dimensionally stabdle
asterials; chemical and structural analyses; stress corrosion; fatigue of

mstals.

Sp Sciences Laboratory: A pheric and { pheric physice, radis-
tion from the atmosphere, density and composition of the atmosphere, surorae
and sirglov; magnetospheric phyeics, cosmic rsys, generation and propagation
of plasms waves in the msgnetosphere; solar physice, z—ray astronomy; the effects
of nnclur esplosions, megnetic storms, and solar activity on the earth's
e, 1 phare, and phere; the effects of optical, electromag-
mue. and particulate radiations in Space on SDace systems.
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